To test the accuracy of different mitral annular sites of the E/e ′ ratio in predicting invasive left ventricular filling pressure (LVFP) in patients hospitalized for coronary artery disease (CAD).
Introduction
The increase of the left ventricular (LV) filling pressure (LVFP) is the main determinant of cardiac symptoms and prognosis in patients with chronic heart failure and coronary artery disease (CAD), independent on the values of the LV ejection fraction (EF). 1, 2 The estimation of the LVFP is obtainable invasively by right cardiac catheterization which allows to measure pulmonary capillary wedge pressure (PCWP) as an indirect, though accurate, estimate of left atrial pressure. 3, 4 The LVFP may also be noninvasively estimated by Doppler echocardiography. Current recommendations encourage the use of pulsed tissue Doppler for calculating the ratio between the preload-depending transmitral E velocity and the average of septal and lateral velocities of the earliest diastolic motion (e ′ ) of the mitral annulus. This average velocity may reflect the rate of myocardial relaxation, not depending on pressure flow gradients. 5 In addition to be very feasible and widely available, the E/e ′ ratio predicts outcome after acute myocardial infarction, 6 in patients with heart failure, 7 arterial hypertension, 8 and in those mechanically ventilated in intensive care unit. 9 The E/e ′ ratio is also used in clinical practice to drive medical management and titrate cardiovascular medications in patients with chronic heart failure. 10 Despite the wide use, however, real utility of the E/e ′ ratio is challenged in recent studies, which included patients with either very advanced heart failure 11 or preserved LV systolic function. 12 In the latter condition, the relationship between the E/e ′ ratio and PCWP was highly variable, when the LVFP was manipulated by the alteration of preload. 12 The application of the E/e ′ ratio might be problematic also in patients with CAD because the reduction in e ′ velocity can be prominent in localized sites of the mitral annulus, being expression of the regional ischaemic involvement 13, 14 or influenced by the tethering of neighbouring myocardial segments. 5 The longitudinal motion of the LV mitral annulus is dyshomogeneous in healthy individuals 15 and this dyshomogeneity might be enhanced in the presence of myocardial ischaemia. 16 The ischaemic dyshomogeneity of mitral annular relaxation could represent an unexplored confounder and, at least in part, account for the disagreement of studies that tested the relation of the PCWP to the E/e ′ ratio. 11, 12, 17, 18 In this context, the sampling of additional sites-at least the inferior and the anterior-of the mitral annulus could be useful to obtain a 'balanced' four sites e ′ average, and possibly reinforce the diagnostic accuracy of the E/e ′ ratio in estimating LFVP. Accordingly, the present study was designed to test the diagnostic accuracy of the E/e ′ ratio in estimating PCWP in a setting of patients undergoing coronary angiography because for CAD. The E/e ′ ratio was calculated by using septal, lateral, or average values (septal and lateral) of e ′ velocity in accord with current recommendations 5 but also by averaging e ′ velocity on the four sites of the mitral annulus (with additional measure of inferior and anterior sites).
Methods

Study population
The study population included consecutive patients referred to our CCU for suspected or ascertained chronic, non-infarcted CAD, on the basis of cardiac symptoms (typical chest pain) and/or positive test of inducible ischaemia (treadmill, stress echocardiography, and myocardial SPECT) and/or CT angiographic demonstration of significant coronary artery stenosis. Patients underwent a standard transthoracic echo-Doppler exam (including pulsed tissue Doppler of the mitral annulus) before (within 20 min) cardiac catheterization which included coronary angiography and right catheterization for the estimation of the PCWP. Exclusion criteria were previous or acute myocardial infarction, more than mild valve disease, prosthetic valves, primary cardiomyopathies, congenital heart disease, complete bundle branch block, pericardial effusion, a rhythm other than sinus rhythm or inadequate echo image quality, undergoing infusion therapy with inotropic agents and diuretics. After exclusions, the final study population included 41 patients. No patient was excluded due to suboptimal imaging. All patients were evaluated when haemodynamically stable and on medical therapy. The study protocol was approved by the internal review board and all the patients gave written informed consent.
According to the level of PCWP, the study patients were grouped into those with the PCWP ,18 mmHg and those with the PCWP ≥18 mmHg, a recognized cut-point for severe pulmonary congestion due to LV failure.
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Procedures
Standard echocardiographic examination
Doppler echocardiographic exams were performed by a Vivid Seven ultrasound scanner (GE, USA) equipped with a 2.5 MHz phased-array transducer according to the standards of our laboratory. 22 Twodimensional measurements of the LV end-diastolic volume and the LV end-systolic volume were performed according to the modified Simpson method (average of apical four-and two-chamber views) and EF derived. 23 The left atrial volume was measured at LV endsystole (average of measurements in apical four-and two-chamber views), by using the area -length method and indexed for the body surface area [left atrial volume index (LAVi)]. 23 Transmitral pulsed
Doppler was recorded in the apical four-chamber view. Early (E) and atrial (A) peak velocities (m/s) and their ratio, and E velocity deceleration time were measured. By pulsed tissue Doppler, early diastolic velocity (e ′ ) was measured in the apical four-chamber view at both the septal and lateral mitral annulus and averaged as recommended, 4 but also at the inferior and the anterior sites of the mitral annulus in the apical two-chamber view ( Figure 1 ). Attention was paid to the Doppler spectral gain settings and the velocity scale was kept at 20 cm/s above and below the baseline. Minimal angulation (,208) was maintained between the ultrasound beam and the plane of cardiac motion during the sampling of each of the mitral annular sites. The ratio of transmitral peak E velocity to peak e ′ velocity was calculated as an estimate of LV filling pressure as the sole measurement of septal (E/e ′ S) and lateral annulus (E/e ′ L) and by averaging e ′ of two sites (septal and lateral: E/e ′ A2) and four sites (septal, lateral, inferior, anterior, E/e ′ A4). Echo-Doppler analyses were performed offline by an independent experienced investigator who was blinded to results of coronary angiography and invasive haemodynamic data at the time of analysis. All reported echo-Doppler measurements were averaged from three cardiac cycles.
Coronary angiography and measurement of PCWP
Coronary angiography was carried out through a right femoral approach following i.v. injection of unfractioned 7500 U heparin. After coronary angiography and before revascularization procedures, when needed, The PWCP was measured by a right catheterization using a balloon-tipped multi-lumen Swan-Ganz catheter according to standardized procedures. 3 The value of the PCWP was obtained as the average of three consecutive cardiac cycles. Readings of invasive PCWP were performed by an investigator blinded to all echo-Doppler data. Based on the results of coronary angiography, the presence of just one stenosis ≥75% was defined as single vessel disease. Angiographic evidence of two or more stenoses ≥75% was defined as multivessel disease.
Statistical analysis
Statistical analysis was performed by SPSS package, release 12 (SPSS, Inc., Chicago, IL, USA). Data are presented as mean value + SD. Descriptive statistics was obtained by one-factor ANOVA and x2 distribution with computation of exact P-value by the Monte Carlo method.
Least squares linear regression was used to evaluate univariate correlates of a given variable. Multiple linear regression analysis was used to identify the independent contributors of the PCWP in the pooled population. In this model potential multicollinearity (computation of in-model variance inflation factor) was also taken into account and collinearity considered acceptable for a variance inflation factor ,2. Sensitivity and specificity were calculated using standard methods. Receiving operating characteristic (ROC) curves were constructed and the area under the curves (AUCs) determined for the prediction of the PCWP ≥18 mmHg. The null hypothesis was rejected at P ≤ 0.05.
Results
Among the 41 recruited patients, 25 had PCWP ,18 mmHg and 16 had ≥18 mmHg. The characteristics of the two study groups are listed in Table 1 . The two groups were not significantly different for sex prevalence, body mass index, blood pressure, and heart rate. The rates of one-vessel and multi-vessel disease were not significantly different between the two groups. Standard echo-Doppler parameters are reported in Table 2 . Patients with the PCWP ≥18 mmHg had significantly lower EF, higher wall motion score index, and greater LAVi (all P , 0.02). Transmitral E/A ratio and E velocity deceleration time did not differ significantly between the two groups. Table 3 shows that e ′ septal velocity was not significantly different between the two groups, whereas e ′ lateral velocity was .3 cm/s lower in the group with the PCWP ≥18 mmHg than in the group with the PCWP ,18 mmHg. As a consequence, though patients with the PCWP ≥18 mmHg exhibited a higher E/e ′ ratio wherever this was measured and calculated, the E/e ′ S was the less discriminating among the four measures (P , 0.05, Table 3 ). Table 4 shows that PCWP was negatively related with lateral e ′ and the average of both two and four annular sites, whereas the relation with septal e ′ velocity was not significant. The coefficient of correlation was maximal with E/e ′ L (r ¼ 0.61, P , 0.0001), Figure 1 Methodology used to calculate the E/e ′ ratio in the study population. At the top standard Doppler-derived transmitral inflow. At the bottom, pulsed tissue Doppler sampling of septal and lateral (apical four-chamber view) as well as of inferior and anterior (apical two-chamber view) mitral annulus.
E/e
′ ratio and invasive left ventricular filling pressure significant with and E/e ′ A2 (r ¼ 0.54), and E/e ′ A4 (r ¼ 0.52, both P , 0.001), but only marginally significant with E/e ′ S (r ¼ 0.35, P , 0.02) (Figure 2) . By separate multiple linear regression analyses performed in the pooled population, after adjusting for the heart rate, EF and LAVi, E/e ′ L (b coefficient ¼ 0.42, P , 0.01), E/e ′ A2 (b ¼ 0.32, P , 0.05), and E/e ′ A4 (b ¼ 0.31, P , 0.05) were independently associated with PCWP, whereas E/e ′ S was not (b ¼ 0.16, NS). Figure 3 shows the results of separate ROC curves comparing the four E/e ′ ratios for discrimination of patients with the PCWP ≥18 mmHg. E/e ′ L (with a cut-off point . 16 .2) was the most accurate estimate of the PCWP (AUC ¼ 0.826) with 81.3% sensitivity and 80% specificity in the identification of the PCWP ≥18 mmHg.
Discussion
This study demonstrates that in the setting of patients with suspect or ascertained CAD, the estimation of the E/e ′ ratio by pulsed tissue Doppler interrogation of the sole lateral mitral annulus provides acceptably accurate estimation of the LVFP and minimizes the error caused by measurements at other sites. Specifically, our findings demonstrate that: (i) E/e ′ septal is not a reliable estimate of the PCWP; (ii) introducing septal signal of the mitral annulus in the evaluation of the E/e ′ ratio worsens the estimation of the PCWP; (iii) E/e ′ lateral is the most accurate parameter for prediction of increased PCWP; (iv) addition of inferior and anterior annulus interrogation does not add accuracy to the lateral E/e ′ ratio. issue. Some cardiologists prefer sampling of the septal annulus because this site moves parallel to the ultrasound beam and is less influenced by the translation movement of the heart. 24 However, the velocities of septal annulus can be reduced more than in other annular sites in the presence of one-vessel or multivessel disease involving the left anterior descending and/or right coronary artery. In addition, velocity of septal annulus is conditioned by ventricular interaction, which can be even amplified under ischaemic conditions involving the right ventricle. 25 The poor accuracy of E/e ′ septal found in the present study could therefore have been expected in our setting of patients and is in agreement with previous observations showing the limits of using septal signal in the presence of LV regional dysfunction. 26 The sampling of pulsed tissue Doppler at the junction between the LV lateral wall and the mitral annulus has the advantage that the lateral location corresponds to the longitudinal motion of the sole left ventricle, and is not influenced by right ventricular function. 27 In the present study, E/e ′ L exhibited indeed the greatest independent association with the PCWP in the pooled groups and showed the highest accuracy for estimating elevated PCWP. The diagnostic sensitivity (81.3%) and specificity (80%) (AUC ¼ 0.826) of the E/e ′ ratio L .16.2 were very good in predicting PCWP ≥18 mmHg, recognized cut-off point of severe pulmonary congestion due to LV failure. 19 -21 The utility and rationale for using only the lateral mitral e ′ was already demonstrated in the original study by Nagueh et al. 17 which included 125 subjects with or without heart failure. Of interest, other studies conducted in different clinical settings and in particular in patients with normal EF, also pointed out that pulsed tissue Doppler signals at the level of the lateral annulus provides the best correlation with the LVFP. 26, 28 To the best of our knowledge, our study is the first to test multiple sampling of the mitral annulus (anterior and inferior in addition to septal and lateral) in patients with known or suspected CAD and to highlight the convenience of using only E/e ′ lateral to identify increase in the LVFP in this clinical setting. Ischaemia or infarction of the basal lateral wall can significantly lower e ′ , but the base of the lateral wall is seldom involved in ischaemic heart disease. 17 Overall taken, these findings suggest that E/e' lateral alone might be the best method for non-invasive estimation of the LVFP, with clear practical advantages.
The rationale of the current recommendations of averaging septal and lateral signals of the mitral annulus rises from the observation of the discrepancy in detecting LV myocardial diastolic dysfunction by using septal (overestimation) or lateral (underestimation) annulus interrogation: e ′ velocity is, in fact, significantly lower at the septal than at the lateral mitral annulus thus inducing a higher E/e ′ ratio using a septal rather than lateral signal. 5 The use of the average (septal and lateral) e ′ velocity should be particularly advantageous in the presence of regional myocardial dysfunction 26 and at least in part offset the possible asymmetric annular motion related to the specific location of myocardial ischaemia. 16 To try for improving accuracy, we additionally calculated E/e ′ A4
(average of septal, lateral, inferior, and anterior). Surprisingly, the addition of other region to the lateral annulus further reduced the accuracy of estimation, in particular because of a substantially lower specificity (64% by using both two and four sites of the 
Limitations of the study
The main limitation of the study corresponds to the relatively small sample size of the study population. In particular, the subgroup with markedly elevated PCWP (≥18 mmHg) had only 16 patients. In addition, Doppler echocardiographic and invasive pressure measurements were not done simultaneously although the time interval occurring between the two exams (within 20 min) appears to be reasonable for the analyses we performed.
Conclusions
Two recent studies highlighted on the inaccuracy of the E/e ′ ratio in estimating invasive LVFP in very advanced heart failure 11 and preserved EF. 12 Both studies included CAD patients with a different degree of coronary artery stenosis. The first study, however, used the average value (septal and lateral sites) of mitral annular e ′ velocity, whereas the latter measured only septal e ′ velocity to calculate the E/e ′ ratio. The present study demonstrates that a greater level of diagnostic accuracy can be gained by using e ′ velocity of the lateral annulus while no substantial advantage can be obtained by the additional sampling of the septal, inferior, and anterior site of the mitral annulus in patients with known or suspected coronary artery stenosis. The E/e ′ ratio L .16.2 has a high sensitivity (81.3%) and specificity (80%) for predicting PWCP ≥18 mmHg in this clinical setting. These findings have clinical relevance and open a track in the non-invasive assessment of the LVFP at the bedside in patients with CAD.
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